Global comparison of the colonic gene expression profiles between 14-month-old senescenceaccelerated mouse (SAM)-P6 mice and SAM-R1 mice, a wild-type control, was conducted with an oligonucleotide microarray containing more than 5,000 mouse genes. Eight genes were upregulated more than two-fold and 94 genes were downregulated more than two-fold in SAM-P6 mice. The three cell defense genes intelectin1 (Itln1), trefoil factor 3 (intestinal) (Tff3) and "deleted in malignant brain tumors 1" (Dmbt1) were among those extensively downregulated. Quantitative RT-PCR analysis confirmed that Itln1 mRNA was almost undetectable in SAM-P6 colon, whereas it was readily detected in SAM-R1 colon. Colonic expression of both Tff3 and Dmbt1 mRNA was also substantially decreased, to one third and two thirds of the levels in SAM-R1 mice, respectively. A 14 kDa Tff3 dimer was detected by Western blotting in the colon of all three SAM-R1 mice, but was not present in three SAM-P6 mice. No upregulation of 3 cell defense genes was detected in 3-month-old SAM-R1 as well as SAM-P6 mice. These results suggest that a diminution of the intestinal trefoil factor system may be involved in the acceleration of aging in SAM-P6 mice.
"The cause of senility in general is a chronic intoxication due to the presence of putrefactive microbes in the intestine", stated the historical Professor Elie Metchnikoff as he described the gut's primary role in aging (9) . Over one hundred years ago, this brilliant scientist speculated that aging involved cellular senescence, which we can today rephrase as apoptosis or signal-induced cell death. The intestine has a large surface area that faces pathogen-mediated and toxic insults from its external environment. It uses many defense mechanisms, such as sensors, the immune system and microflora, but it can be envisaged that impairment in these defenses may result in degenerative changes in the colon, and ultimately whole-body senescence. In this study, we address how colonic epithelium protects itself from the environment as well as endogenous death stimuli. Genetic manipulation of the aging process in multicellular organisms has been achieved in Drosophila melanogaster through the overexpression of catalase and Cu/Zn superoxide dismutase (18) and in the nematode Caenorhabditis elegans through alterations in the insulin receptor signaling pathway (6) . In humans, mutations at the Werner Syndrome locus (WRN) accelerate the onset of some agingrelated pathology (14) , but there are few mammalian models. The senescence-accelerated mouse (SAM) is a useful tool to examine the molecular events associated with aging in mammals. The SAM strain was established in the Department of Senescence Biology at Kyoto University, Japan, and is a welldocumented model of senescence acceleration and age-associated disorders (3) . This strain is actually a PowerScript reverse transcriptase (Clontech) with a random primer and dNTP mix, and labeled with [α- 33 P]dATP (10 μCi/μL; GE Healthcare, Buckinghamshire, UK).
33
P-labeled cDNA was purified using Atlas™ NucleoSpin Extraction spin columns (Clontech). Hybridization was performed using PlasticHyb™ and Atlas Plastic Microarrays overnight at 60°C with continuous agitation of around 6 rpm. After the hybridization solutions were removed, the microarrays were washed and read at a resolution of 50 μm with a phosphoimager (FLA-3000; Fujifilm, Tokyo, Japan).
Data analysis. The Atlas™ Plastic mouse 5K microarray contains more than 5,000 mouse genes and expressed sequence tags (ESTs) from GenBank, Swissprot, The Institute for Genomic Research database and the RIKEN Expression Array Database. On a plastic plate where each gene was spotted in duplicate, the intensity of hybridized 33 P-labeled cDNA was read for each spot to calculate the average signal intensity for each gene by subtracting the background. We disregarded signals that showed more than 30% difference in intensity between the duplicate spots. All calculations were performed using AtlasImage™ software, ver. 2.7 (Clontech). To determine the differences in gene expression between SAM-P6 and SAM-R1 mice, pair-wise comparisons between SAM-P6 (n = 2) and SAM-R1 (n = 2) individuals were performed. The data were provided as the average fold change obtained from the two pair-wise combinations. To ensure accuracy, average fold changes had to be greater than the SE from a two-fold change. To compare the global gene-expression profiles obtained from the microarray data, we used Gene Map Annotator and Pathway Profiler (GenMAPP) software (17; http://www.genmapp.org/).
Quantitative PCR (qPCR) assay for mRNA levels.
The nucleotide sequences of primers and their corresponding locations within the representative GenBank sequences are shown in Table 1 . Primers were designed using Primer3plus (http://frodo.wi. mit.edu/primer3/) to have comparable melting temperatures, 35-60% G+C content and minimal secondary structure due to self-complementarity or palindromic sequences. DNA oligonucleotide primers were obtained from SigmaGenosys (SigmaAldrich, St Louis, MO, USA). RT-qPCR assays were performed using a LightCycler 1.5 (Roche Diagnostics, Mannheim, Germany). The amplification mixture (20 μL) consisted of 2 μL of 10× master group of related inbred strains (recombinant inbred strain-like) including nine strains of accelerated senescence-prone, short-lived mice (SAMP) and three strains of accelerated senescence-resistant, longlived mice (SAMR). SAM-P6 mice show senile osteoporosis characterized by a low peak bone mass (8) , and are accepted as a model of senile osteoporosis (22) . Gene expression profiles in aging have been studied by high-density oligonucleotide arrays (11), but little is known regarding aging in the colon. Indeed, the colon and small intestine have been considered to contribute little to aging. In this study, we used oligonucleotide microarrays to conduct a global comparison of gene expression in the colon of SAM-P6 mice compared with the phenotypically wild-type SAM-R1 mice, to investigate colon-mediated aging.
MATERIALS AND METHODS
Animals. SAM-R1 and SAM-P6 mice were obtained from breeding pairs kindly donated by Dr. Hosokawa from The Council of SAM Research, University of Kyoto, Japan. The animals were raised and maintained under conventional breeding conditions in our university animal facilities. The experimental protocol was approved by the Ethics Committee for Animal Research at our university. Male mice (n = 3-6) were housed in a plastic cage and were provided with a standard non-purified diet (MF; Oriental Yeast, Tokyo, Japan) ad libitum until one day before sacrifice, and tap water until just before sacrifice.
Microarray analysis of the colonic transcriptome.
RNA preparation from tissues, radioisotope labeling and the use of Clontech Plastic Microarrays were performed as described in the Clontech Atlas Pure Total RNA Labeling System User Manual, PT3231-1 (Clontech, Mountain View, CA, USA), and the Atlas Plastic Microarray User Manual, PT3591-1 (Clontech). Briefly, aged (14 months old) SAM-R1 and SAM-P6 mice were sacrificed with ether, then the entire large intestine was removed, washed with saline, immediately frozen in liquid N 2 and stored at −80°C until use. Total RNA was extracted from frozen tissue using acid-guanidinium isothiocyanate denaturing solution and phenol/chloroform. Polyadenylated [poly(A)+] RNA was purified from total RNA with biotinylated oligo(dT) and streptavidincoated magnetic beads (Atlas™ Pure Total RNA Labeling System). One microgram of poly(A)+ RNA was converted into double-stranded cDNA using lysed in RIPA buffer (25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% nonidet P-40, 1% sodium deoxycholate and 0.1% sodium dodecyl sulfate) and the proteins quantified using a Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA). Equal amounts (15 μg each) of proteins were separated on SDS-PAGE gels. PVDF membranes (Bio-Rad) were probed with a rabbit polyclonal antibody against trefoil factor 3 (intestinal) (Tff3) (sc-28927; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Horseradish peroxidase-labeled secondary antibodies were detected with ECL plus™ reagents (GE Healthcare).
RESULTS

Global comparison of gene expression between SAM-P6 and SAM-R1 mice
More than 5,000 genes were studied, which were derived from pair-wise comparisons between SAM-P6 and SAM-R1 individuals. Because of the weak reproducibility of microarray analysis (15), we performed separate pair-wise comparisons of two SAM-P6 mice against two SAM-R1 mice (Fig. 1) . We used a two-fold difference in tissue transcript mix (DyNAmo capillary SYBR ® Green qPCR kit; Finnzymes, Espoo, Finland), 4 mM MgCl 2 , 0.5 μM each oligonucleotide primer, 0.2 μM each oligonucleotide probe and 100 ng/2 μL of template cDNA in a final volume of 20 μL. Samples were amplified with an initial denaturation step of 95°C for 10 min to activate a hot-start version of a modified Thermus brockianus DNA polymerase and 50 cycles of denaturation at 95°C for 10 s, annealing at 50°C for 20 s and extension at 72°C for 30 s. The temperature transition rate was 20°C/s. The generation of target amplicons for each sample was monitored with 530 nm fluorescence in a single acquisition mode at the end of the elongation steps. The crossing point of the target amplicon for each sample was automatically identified with the second derivative maximum method according to the manufacturer's instruction manual (Roche Diagnostics). Following the amplification phase, a melting curve analysis was performed with a temperature transition rate of 0.2°C/s to determine the melting temperatures of the amplicons.
Western blotting. The frozen colonic tissues were Oligonucleotide sequences for PCR-primers were selected using Primer3plus to have comparable Tm values, moles percent G + C content within the range of 35 to 60%, and minimal secondary structure due to self-complementarity or palindoromic sequences. Fig. 1 Venn diagram of the number of genes altered by more than two-fold in each of two independent pair-wise experiments between senescence-accelerated-resistant mice (SAM-R1) and senescence-accelerated-prone mice (SAM-P6).
ribosomal proteins and some were protein catabolism-related genes such as proteasome subunits. This indicates that the protein turnover rate might be reduced in the colon of SAM-P6 mice compared with SAM-R1 controls. The expression levels of some energy metabolism-related genes (cytochrome c oxidase, subunit Va, CoxVa; cytochrome c oxidase, subunit VIa, CoxVIa; cytochrome c oxidase, subunit VIIIa, CoxVIIIa) were also repressed in the SAM-P6 colon, to one-third or one-quarter of the levels in the SAM-R1 colon ( Table 2 ). GenMAPP analysis also revealed that energy metabolism-related genes, including eight subunits of complex IV and five subunits of the F0/F1 ATP synthase complex in the electron transport chain, were downregulated in the senescence-accelerated mice, which is consistent with previous findings (11) .
levels as the cut-off value, because this threshold has been commonly used in the analysis and interpretation of microarray data. We identified eight genes that were upregulated in SAM-P6 mice in both experiments and 94 genes that were downregulated in SAM-P6 mice in both experiments (Fig. 1 , Table 2 ).
As shown in Table 2 , the eight upregulated genes were all classified as inflammation-related genes, including nitric oxide synthase 2 (Nos2) and the lymphocyte antigen 6 complex, loci E & A (Ly6e & Ly6a). This indicates that there is probably continuous inflammation in the colon of 14-month-old SAM-P6 mice, whereas control SAM-R1 mice at the same age showed no enhancement of inflammation-related genes. Among the 94 downregulated genes, some were translation-related genes such as As shown in bold typeface in Table 2 , it was interesting that three cell defense-related genes, trefoil factor 3 (intestinal) (Tff3), intelectin 1 (Itln1) and CRP-ductin or "deleted in malignant brain tumors 1" (Dmbt1) were dramatically downregulated in SAM-P6 colon compared with SAM-R1 colon.
Validation of the microarray data by RT-qPCR
We focused on the cell defense-related genes Itln1, Tff3 and Dmbt1, which were extensively repressed on the oligonucleotide microarrays as described above (Table 2) . To validate the microarray data, real-time RT-qPCR was conducted on these three genes (Fig. 2) . Itln1 mRNA was almost undetectable in SAM-P6 colon, whereas SAM-R1 colon showed specific and significant amplification. The expression of Tff3 and Dmbt1 was decreased by one third and two thirds of the level in SAM-R1 mice, respectively.
Western blotting of Tff3
Because of the lack of commercial availability of antibodies to detect the mouse colonic antigens on immunoblots, Western blotting was conducted only with antibodies against Tff3. In SAM-R1 colons, a discrete band of 14 kDa, corresponding to Tff3 (calculated molecular mass of monomer = 8.67 kDa), was detected in all three samples, whereas the protein was not detected in all SAM-P6 colons tested (Fig. 3 ). Recent reports have described a 14 kDa dimeric mammalian Tff3 protein in cecal and midcolonic samples (1, 16) .
Comparison with young mice
Using quantitative RT-PCR, we compared the tissue expression levels of the three above-mentioned cell defense-related genes in young and old SAM-P6 and SAM-R1 mice. As shown in Fig. 4 , the phenotypically wild-type SAM-R1 mice showed an agedependent increase in the tissue mRNA levels of all three genes; in contrast, SAM-P6 mice retained lower expression levels of all three genes from 3-months-old to 14-months-old.
DISCUSSION
The primary objective of this study was to mine oligonucleotide microarray data to understand the cellular mechanisms of senescence triggered by colon. We identified three cell defense-related genes: Tff3, Itln1 and Dmbt1, which were extensively downregulated in old senescence-prone SAM-P6 mice.
We confirmed the validity of our microarray analysis in two ways. First, the microarray analysis validated itself by the identification of upregulated downregulation in Tff3 gene expression in 14-monthold male SAM-P6 mice by three independent methods: oligonucleotide microarray analysis, RT-qPCR and Western blotting. We speculate that the colonic mucosal lining of 14-month-old SAM-P6 mice is less resistant to external toxic insults than that of SAM-R1 mice at the same age. This weakness in a front line of defense may contribute to the senescence-prone phenotype of this strain. However, limited expression of the Tff3 gene was observed in the colon of 3-month-old SAM-P6 mice as well as in young SAM-R1 mice. In other words, the enhanced expression of the Tff3 gene was induced in the colon of 14-month-old SAM-R1 mice, probably as an adaptive response to repeated hazardous insults from the colonic luminal space. In contrast, senescenceprone SAM-P6 mice might be unable to respond appropriately to external attacks in the colon.
At present, it is still unknown how Tff3 functions on the outside of epithelial cells: it may be through a cell-surface receptor or through its interaction with mucins (10) . Although the putative Tff3 receptor has not been identified, it is worthwhile to mention that Dmbt1, another cell defense-related gene downregulated in SAM-P6, is a member of the scavenger receptor cysteine-rich (SRCR) superfamily and can fulfill some of the criteria for a Tff receptor (20) . As mentioned above, Tff3 is synthesized and secreted by goblet cells whereas the predominant distribution of Dmbt1 is in stem/progenitor cells rather than in terminally differentiated cells in the gastrointestinal epithelia. In mouse colon, Dmbt1 mRNA was most highly expressed in the mid-crypt (2). The transcription of Tff3 and its receptor may be coordinately regulated in a paracrine fashion. In this context, Dmbt1 may actively participate in the proliferation and differentiation of intestinal stem/progenitor cells along the axis of epithelial migration to assist with epithelial restitution. SRCR proteins also belong to the innate immunity protein family, of which all members are involved in immune defense (7). Mollenhauer and co-workers proposed dual functions for Dmbt1 in mucosal defense and epithelial differentiation (13) . They suggested that colonic Dmbt1 participates not only in gastrointestinal restitution, but also in the body's first-line defenses, by inhibiting bacterial invasion of epithelial cells. Mouse Dmbt1 was previously known as Gp300 (300 kDa glycoprotein), which acted as a typical pattern recognition receptor in the body's innate anti-microbial processes, interacting with both invading pathogens and many other local defense components (7).
inflammation-related genes (Nos2, Ly6a and Ly6e) and downregulated energy metabolism-related, particularly mitochondrial, genes (CoxVa, CoxVIa and CoxVIIIa). The above genes have been repeatedly reported to be hallmarks of mammalian senescence (5, 11). Second, we used RT-qPCR to validate the downregulation of Tff3, Itln1 and Dmbt1. Among the 102 genes detected in the present study (94 downregulated and eight upregulated), we focused on the three downregulated genes, Tff3, Itln1 and Dmbt1, which are classified as cell defense-related genes. We were intrigued that age-dependent deterioration of the cell defense systems in the colon might be involved in triggering mammalian senescence.
The Tff family is a relatively newly described family of peptides that bear a three-loop trefoil domain formed by a cysteine disulfide bond motif. They are mainly synthesized and secreted by mucinsecreting epithelial cells or goblet cells, particularly those lining the gastrointestinal tract, and have a close association with mucins (10). Intestinal trefoil factor, Tff3, is a small (8-12 kDa) protein secreted throughout the small intestine and colon. Experiments using Tff3-deficient mice have demonstrated that it is involved in mucosal healing and the prevention of experimental colitis (12) . The peptide seems crucial for intestinal epithelial restitution (19) . Although the central role for Tff3 may be in the maintenance and repair of the intestinal mucosa, the exact mechanisms underlying how Tff3 signaling maintains the epithelial integrity of the gastrointestinal tract remains largely undefined.
In the present study, we identified a dramatic Itln1 is a mammalian Ca 2+ -dependent lectin secreted from intestinal Paneth cells (21) . This 35 kDa lectin recognizing D-galactofuranosyl residues in the bacterial cell wall is enriched in microvillar "superrafts" of intestinal Paneth cells as well as goblet cells (4, 23) . The intestinal flora provides the first line of defense against pathogens by preventing them from becoming too abundant in the gastrointestinal tract. A second line of defense, a physical barrier against pathogens, is the intestinal epithelium, which is formed from the mucus layer and the epithelial cells themselves. In this context, we speculate that downregulation or impaired induction of the Itln1 gene might impair a major line of defense in the colon of old SAM-P6 mice. Taken together, our present data strongly suggest that old SAM-P6 mice may lack the adaptive responses in the colon conferred by some cell defense-related proteins to environmental insults such as bacteria, viruses, toxins and even some nutrients. This genetic downregulation might accelerate the aging process or render cells unable to counteract the aging process.
